The effect of a lateral electric current on the photoluminescence H-band of an AlGaAs/GaAs heterostructure is investigated. The photoluminescence intensity and optical orientation of electrons contributing to the H-band are studied by means of continuous wave and time-resolved photoluminescence spectroscopy and time-resolved Kerr rotation. It is shown that the H-band is due to recombination of the heavy holes localized at the heterointerface with photoexcited electrons attracted to the heterointerface from the GaAs layer. Two lines with significantly different decay times constitute the H-band: a short-lived high-energy one and a long-lived lowenergy one. The high-energy line originates from recombination of electrons freely moving along the structure plane, while the low-energy one is due to recombination of donor-bound electrons near the interface. Application of the lateral electric field of ~ 100-200 V/cm results in a quenching of both lines. This quenching is due to a decrease of electron concentration near the heterointerface as a result of a photocurrent-induced heating of electrons in the GaAs layer. On the contrary, electrons near the heterointerface are effectively cooled, so the donors near the interface are not completely empty up to ~ 100 V/cm, which is in stark contrast with the case of bulk materials. The optical spin polarization of the donor-bound electrons near the heterointerface weakly depends on the electric field. Their polarization kinetics is determined by the spin dephasing in the hyperfine fields of the lattice nuclei. The long spin memory time (> 40 ns) can be associated with suppression of the Bir-Aronov-Pikus mechanism of spin relaxation for electrons.
INTRODUCTION
More than 30 years ago, the attention of scientists was attracted by the mysterious H-band [1] of photoluminescence (PL) of AlGaAs/GaAs heterostructures. In the PL spectrum of GaAs it occupies an intermediate position between the X-band of the free exciton (1.515 eV) as well as exciton-impurity complexes near 1.514 eV and the shallow donor-acceptor-related band (D-A) near 1.493 eV. It was previously shown that the H-band is present in the PL spectra of both doped and undoped heterostructures [2] , it has a long lifetime (~1-100 ns [1, 3, 4] ) and disappears under slight temperature increase to above 10 K (k B T > 1 meV, where k B is the Boltzmann constant and T is the temperature) [1] . The H-band is absent in the PL spectra of bulk GaAs, which indicates its origin from the electronic states near the AlGaAs/GaAs interface.
It is known that the AlGaAs/GaAs heterojunction has an ideal interface and does not contain "intrinsic" Tamm states within the GaAs band gap [5] which can give rise to the H-band.
Therefore, several models for the H-band were proposed. First, Ref. [6] considers a potential well for one type of carriers, which is formed in GaAs near the heterointerface due to band bending and results in either an electron or a hole accumulation channel (Figs. 1(a) and 1(b), correspondingly). For example, in the latter case, photoexcited holes are captured into the potential well at the heterointerface creating an excess positive charge. This positive charge attracts photoexcited electrons and results in formation of a potential "dimple" ~ 1 meV deep. At low temperature photoelectrons are accumulated in this dimple. According to Ref. [6] , hole and electron gases in the potential wells are degenerate, spatially separated, and confined along the growth direction. Second, in Refs. [7, 8] devoted to lightly doped heterostructures, the H-band was interpreted as recombination of spatially indirect excitons. In this model, charge carriers of one type, e.g. holes, are localized at the interface by the band bending and form spatially indirect excitons with charge carriers of the opposite sign (electrons). Finally, in Ref. [9] the H-band was associated with the recombination of donor-bound electrons with holes bound to interface acceptors (D 0 -A 0 int ). Electric current flow through the photo-excited, moderately doped bulk GaAs strongly affects its edge PL [10, 11] . Quenching of the exciton-impurity PL was observed already for the very weak electric field of < 10 V/cm, which is much less than the ionization threshold of the exciton or neutral donor. The effect of electric current was associated with heating of electrons to the very high temperatures of up to 100 K for E = 40 V/cm [12] (the mobility of holes is much lower and thus they are not heated that much). Excitons and neutral donors are ionized by collisions with hot electrons or due to thermal ionization enhanced by the electric field [13] .
Alternatively, heating of the electron gas decreases the probability of exciton formation from the electron-hole pairs and electron capture by a charged donors [13, 14] . As a result, the exciton-related channel of radiative recombination is strongly suppressed. The PL quenches due to the nonradiative recombination (previously ineffective as compared to the radiative one) being provided by surface states of GaAs. Ionization of donors in an electric field affects the spin polarization of the electron spin system [15] . The spin relaxation rate increases drastically due to the change in the spin relaxation mechanism from the hyperfine interaction with nuclei for the donor-bound electrons to the spin-orbit Dyakonov-Perel mechanism for the free electrons [16] . In case of an AlGaAs/GaAs heterostructure, the effect of the electron heating by an electric current is significantly different from that of bulk GaAs. Here, the role of the free surface and the related nonradiative recombination is minimized, which allows one to investigate the impact of the electric current heating on the GaAs-related PL in a wide range of electric fields.
At low temperatures and low excitation levels, the H-band gives the main contribution to the
GaAs PL spectrum. The influence of the electric current on the intensity and polarization of the H-band is still unexplored.
Here, we study optical orientation of the H-band in a nominally undoped AlGaAs/GaAs heterostructure and the effect of a weak, E << 1 keV/cm, lateral electric field, which is below the exciton ionization threshold in GaAs. Optical orientation measurements allow us to unambiguously distinguish among the above-mentioned mechanisms of the H-band formation and show that in the investigated structure a hole accumulation channel is realized (see Fig. 1(b) ). Two lines with significantly different decay times constitute the H-band: a short-lived high-energy one and a long-lived low-energy one. The high-energy line originates from the recombination of holes from the accumulation channel and electrons freely moving along the structure plane in the dimple. The low-energy line is due to the recombination of the same holes with donor-bound electrons in the dimple. It is found that the lateral electric field changes the intensities of the two lines. With increasing electric field (E > 100 V/cm) the high-energy line, which has a shorter lifetime, disappears. A further increase in the electric field (E > 200 V/cm) decreases the intensity of the long-lived low-energy line. It is shown that the H-band quenching is due to a reduction of the charge carrier concentration near the heterointerface as a result of the current-induced heating of electrons in the GaAs layer. In stark contrast with bulk materials the donors near the interface are not completely empty up to E ~ 100 V/cm. The kinetics of the optical orientation of donor-bound electrons weakly depends on the electric field in this range and is determined by the spin dephasing in the hyperfine fields of the lattice nuclei. No change of spin relaxation mechanism is found for the H-band in the electric field. This indicates that, while electrons in the bulk GaAs layer are heated by the electric current, electrons near the heterointerface are not affected. The reasons for the effective energy relaxation near the interface are discussed.
II. EXPERIMENTAL DETAILS
The AlGaAs/GaAs heterostructure under study is grown on a semi-insulating (100)-oriented GaAs substrate by molecular-beam epitaxy. It consists of ~ 1 µm Al 0.35 Ga 0.65 As, followed by a quasi-bulk (100 nm) GaAs layer covered with a 25 nm Al 0.35 Ga 0.65 As cap layer ( Fig. 2(a) ). The concentration of shallow impurities is estimated to be N A -N D < 10 15 
III. EXPERIMENTAL RESULTS

Origin of H-band
The PL spectrum of the AlGaAs/GaAs heterostructure measured under cw excitation with the power density of 10 mW/cm 2 and at temperature T = 2 K is shown in the upper panel of In bulk unstrained GaAs-type semiconductors under optical orientation conditions, the selection rules for optical transitions are such that right-polarized (σ + ) light excites three times more electrons in the conduction band with spin down (-1/2) than with spin up (+1/2) [16] .
Thus, the spin polarization of the electrons at the moment of excitation is (where n ±1/2 is concentration of photoelectrons with spin ±1/2). In case of non-resonant excitation, photoexcited holes quickly lose their polarization due to the strong spin-orbit interaction in the valence band. Radiative recombination of polarized electrons with nonpolarized holes ( Fig. 1(c) ) is governed by the same selection rules as for absorption, and gives rise to the circular polarization of the PL. Thus, at the exciton transition (X) the maximum degree of circular polarization does not exceed 25%, as P sr = 0.5 is given according to the selection rules (cf. Fig. 1(c) ). A similar situation holds for the case, when photoelectrons are captured in the potential well at the heterointerface and recombine with photoexcited holes in GaAs ( Fig. 1(a) ). The lower panel in Fig. 2 (b) shows the spectral dependences of the PL circular polarization degree ρ c σ+ in the optical orientation mode at zero field and in the longitudinal magnetic field of 200 mT. The circular polarization degree measured at the X-transition is indeed close to 25%. It is worth noting that the polarization degree drops to zero at the D 0 X transition since there the electron spins are antiparallel and the overall spin is zero. The polarization degree at the H-band is quite highat the level of ~15%. A magnetic field in Faraday geometry (B F ) increases the optical orientation of electrons, suppressing their spin relaxation [16] . In B F = ±200 mT, the degree of the circular polarization of the H-band increases to ρ max ~ 40%. It is obviously larger than the 25%-limit indicated above. This means that here the selection rules are different from the case of bulk GaAs or GaAs/AlGaAs heterointerface with an electron accumulation layer. Such a high degree of circular polarization can only be achieved if electrons recombine with heavy holes with a momentum projection of ±3/2, while the light hole states ±1/2 have a higher energy and are not populated at low temperatures. Indeed, the recombination of the photoexcited electrons and interface heavy holes is governed by selection rules with P sr = 1, as illustrated in Fig. 1(d) . It is known, that near the heterointerface the levels of heavy and light holes are split [19] . This means that in our structures holes, and not electrons, are localized at the heterointerface, either in the potential well formed by the band bending or at acceptors. In Ref.
[20] the composite structure of the H-band was identified by analyzing its spectral shift in a longitudinal magnetic field. The data below are consistent with the conclusions of that work. Figure 3 The magnetic field dependence of the energy position of the LE-line is nonlinear and similar to that of the bulk exciton (X) ( Fig. 3(b) ). However, most likely, the LE-line is not an exciton: since its binding energy is much smaller than that of the bulk exciton [7] , its magnetic shift should be larger. We thus attribute the LE-line to the recombination of a donor-bound electron with a hole at the heterointerface, which is in accord with Ref. [18] . This interpretation is also supported by the time-resolved measurements of the spin polarization (see below), which was not studied previously. Its kinetics is characteristic of the dephasing of the electron in the hyperfine fields of the lattice nuclei [21] .
Thus, from our results it follows that in the investigated heterostructure the H-band is formed according to the scheme shown in Fig. 1(b) .
Effect of electric current on intensity and cw optical orientation of H-band
We consider now the influence of the in-plane electric field, which is much smaller than the ionization threshold of the GaAs exciton. Application of the electric field shifts the H-band spectrum to the lower-energy range ( Fig. 4(a) ). This indicates that the electric field results in an increase in the electron and hole separation, and thus should enhance the H-band decay time.
Moreover, fields exceeding 100 V/cm are enough to completely eliminate the HE-line from the PL spectrum (see Fig. 4 (a)), and in fields E > 200 V/cm the LE-line also vanishes (not shown).
The increase in the PL decay time, indeed, follows from the measurements of the Hanle effect. In transverse magnetic field B V (Voigt geometry), the stationary projection of the electron spin on the beam direction decreases due to the Larmor precession with the frequency ⁄ , where μ B is the Bohr magneton, is the Planck constant, and the electron g-factor in GaAs is g = -0.44 [22] . This leads to PL depolarization, i.e. the Hanle effect [16] . The dependence of the circular polarization degree on the magnetic field has a Lorentzian form:
The maximum degree of circular polarization ρ max is determined by the selection rules and, as indicated above, is close to 40%. The half-width at half maximum (HWHM) of the depolarization curve is ⁄ , where the electron spin lifetime T s is determined by its lifetime τ and spin relaxation time τ s :
The equations above are valid for free or weakly localized electrons. In case of strong electron localization (e.g., the distance between donors is much larger than the Bohr radius of an electron), there is no dynamic averaging of the Overhauser nuclear fields, and the situation is different. The dephasing of the electron spin in static random nuclear fields contributes to the width of the magnetic depolarization curve [21] . Generally speaking, in this case, the magnetic depolarization curve is no longer described by a Lorentzian. However the influence of these fields can be considered phenomenologically if the expression for the HWHM is represented as follows:
The first term in the bracket in Eq. However, the depolarization curve measured at the HE-line (1.508 eV) at zero electric field is significantly different (Fig. 4(c) ). Its zero field spin polarization ρ 0 = 26%, it has a non-Lorentzian shape and can be fitted by the sum of two Lorentzians with very different HWHMs:
18 and 175 mT. This can be explained taking into account that the LE-line dominates in the PL spectrum and overlaps with the HE-line (see the dashed lines in the upper panel in Fig. 2(b) ).
The depolarization curve measured at the HE-line contains also information on the spin [21, 23] . TRPL data confirm this conclusion and show that the spin dephasing mechanism induced by random fields is robust with respect to electric fields of E < 200 V/cm (see below), in contrast to the case of bulk GaAs.
Effect of electric current on time-resolved polarized PL of H-band
The TRPL technique is used for independent measurements of the intensity and polarization kinetics of the H-band. The slow decay of the PL intensity of the H-band ( Fig. 5 ) in comparison with the free exciton lifetime in bulk GaAs (~ 100 ps) indicates that the electrons and holes are spatially separated. This is consistent with the scheme in Fig. 1(b) representing recombination of holes localized at the interface and attracted photoexcited electrons [1, 2, 6, 9] . The PL intensity decay times of the HE-and LE-lines are quite different ( Fig. 5(a) ). This allows us to isolate their kinetics even in the absence of good spectral resolution. The PL intensity kinetics of the H-band is non-exponential possibly because of a change in the band bending with time during the recombination of photocarriers after arrival of a laser pulse. The band bending determines the electron and hole wave function overlap and hence the probability of their recombination.
Although the decay of both lines is not exponential, we take below the time at which PL intensity decreases by a factor of e = 2.718... for estimating the PL decay time, The high-energy line HE decays with a characteristic decay time τ HE ≈ 200 ps ( Fig. 5(b) ). Its intensity amplitude I HE (0) decreases in an electric field, while the decay time τ HE does not change. The intensity kinetics of the LE-line is much slower with the characteristic decay time τ LE ~ 5 ns ( Fig. 5(c) ).
Application of the lateral electric field results in a decrease of the LE-line intensity I LE (0) as well as in an increase of its decay time (up to τ LE ~ 10 ns at E = 100 V/cm).
The kinetics of the circular polarization degree of the LE-line demonstrates a decay with a characteristic time of ~ 5 ns followed by saturation at the level of ρ с σ+ ≈ 15-20% for at least 40 ns ( Fig. 5(d) ). Such non-exponential kinetics cannot be described by the spin relaxation time τ s and is typical for spin dephasing of the donor-localized electrons in random hyperfine fields of unpolarized nuclei [21] . In this case the initial decay is characterized by the spin dephasing time The long spin memory time (plateau for > 40 ns, see Fig. 5(d) ) can be associated with the suppression of the Bir-Aronov-Pikus mechanism [16] of spin relaxation of electrons: the exchange interaction of the electrons with the interface holes is suppressed due to their spatial separation. It is interesting that the application of an electric field up to 100 V/cm does not affect the polarization kinetics. Hence the mechanism of spin relaxation is robust to the electric field, in contrast with bulk GaAs [15] .
It is worth noting that in Ref. [9] , in which the H-band is associated with the D 0 -A 0 int recombination, the PL decay time scales exponentially with the PL photon energy within the Hband. This is due to the spatial distribution of the D 0 -A 0 int pairs. A smaller D 0 -A 0 int distance corresponds to a higher probability of radiative recombination, as well as a stronger Coulomb interaction, and thus a smaller PL photon energy. This is in striking contrast with our results, as within the LE-line and its low-energy shoulder there is no spectral dependence of the decay time.
Therefore, in the structure investigated here the LE-line cannot be related to D 0 -A 0 int recombination.
IV. DISCUSSION
Our experiments show that the H-band in the studied AlGaAs/GaAs heterostructure arises from recombination of heavy holes in the quantum well at the heterointerface with electrons in the GaAs layer, as sketched in Fig. 1(b) . The quantum well for holes is formed by the band bending as suggested in Ref. [6] . All these results can be understood within the following simple model involving a minimal set of parameters. Figure 6 shows Accordingly, one can write the following rate equations for the electrons in the dimple:
.
Here G is the flux of electrons into the dimple, n f is the concentration of free electrons in the dimple, and n dthe concentration of electrons captured on donors. The radiative lifetimes of the free and donor-bound electrons in the dimple are given by τ f and τ d , respectively, and γ is the capture rate of electrons from the dimple onto empty donors. The PL intensities of the HE-and LE-lines are given by:
Let us consider the stationary and non-stationary solutions of Eqs. (4) for the cw and timeresolved modes, respectively. In the cw mode, the solutions of Eqs. (4) and (5) are the following:
Thus, the overall PL intensity of the H-band is determined only by the electron flux into the dimple and does not depend on the temporal parameters τ f , τ d , and γ. It follows from the experimental data that with an increase in electric field the intensity of the Hband, and therefore the electron flux G into the dimple, decrease. The relative intensity of the HE-line is (see the upper panel in Fig. 2(b) ) and also decreases with the increasing electric field. This means, that and increases with electric field. Below, it will be shown that with increasing electric field γ does not change and hence it is the radiative lifetime τ f that should increase. Earlier, the PL quenching in weak electric fields of ~10 V/cm (small enough as compared to the ionization threshold for excitons and donors) was well studied in lightly doped bulk GaAs.
It was explained in terms of a strong heating of the electron gas by the electric current, which leads to a decrease in the probability of capture of the heated electrons by the Coulomb centers and/or an increase in the probability of ionization of the shallow impurities [14, 13] . Therefore, it is reasonable to assume a similar heating by the electric current of electrons in the quasi-bulk However, there is a significant difference from the bulk situation: the capture probability by a charged donor in the dimple should decrease if the electrons near the interface are heated as in bulk GaAs [13] . In the heterostructure investigated here this is not the case. As it was shown above, the capture rate γ does not depend on the in-plane electric field. Moreover, the spin dynamics of the LE-line, which corresponds to the dephasing of the spin of a donor-bound electron near the interface, is preserved for electric fields as large as 100 V/cm. At the same time, in pure bulk GaAs, the depletion of donors takes place already in fields of around 10 V/cm and leads to a strong acceleration of the electron spin relaxation [15] due to the change in the spin relaxation mechanism from the hyperfine interaction with nuclei for the donor-bound electrons to the spin-orbit Dyakonov-Perel mechanism for the free electrons.
All these results force us to assume that, while electrons in the quasi-bulk GaAs layer are heated by the electric current, those in the dimple are not. In other words, the heated electrons in the bulk that are captured in the dimple experience effective energy relaxation. The relaxation can be due to the emission of phonons with different wave vectors (near the interface the conservation law of momentum along the growth axis of the structure is relaxed). Another reason can be the cooling of electrons by inelastic scattering on the holes of the accumulation layer via a so-called shake-up process [26] . Finally, the mobility of the electrons in the dimple may be decreased due to scattering on the fluctuations of the dimple profile.
V. CONCLUSION
We have studied the effect of a weak in-plane electric current on the PL intensity and It has been found that the lateral electric field modifies the intensities of the two lines.
With an increase in the electric field (>100 V/cm) the high-energy line disappears. This quenching is due to the reduction of the charge carrier concentration near the heterointerface as the result of current-induced heating of the electrons in the GaAs layer. It has been also shown that the capture rate of electrons from the dimple onto empty donors does not depend on the electric field. The TRKR signals in the transverse magnetic field B V = 200 mT with the in-plane electric field E in the range from 0 to 170 V/cm are shown in Fig. 7(a) . The signal can be approximated by a damped oscillatory function arising from precession of spins in the transverse magnetic field:
where θ K (t) is the TRKR signal, Θ is the oscillation amplitude, t is the delay time between the pump and probe pulses, and Т 2 * is the spin dephasing time (decay time of the spin oscillations).
The g-factor determined from the oscillation frequencies of the Larmor precession is |g| = 0.435, which indicates that in this case the electron spin dynamics is measured. At E = 0 and B V = 200 mT, the spin dephasing time Т 2 * is ~ 1.5 ns. An increase in the in-plane electric field leads to an increase in Т 2 * , e.g., at E = 170 V/cm time Т 2 * reaches to ~ 4.5 ns.
In order to estimate the spread of g-factors (Δg) the dependence of 1/Т 2 * on the transverse magnetic field B V is measured at zero electric field at the temperature of 1.7 K ( Fig. 7(b) ). The measured dependence to a good approximation can be described by the following expression
[28]:
It allows us to obtain the g-factor spread Δg ≈ 0.025 for T = 1.7 K. So the spread of the g-factors is small compared to its absolute value, Δg << g.
Therefore, the TRKR data do not contradict the PL data described in the main text, although the TRKR technique measures the spin dynamics of electrons under pumping into the exciton resonance and thus reflects the spin dynamics at the H-band only indirectly. 
